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ABSTMCT 

This Account summarizes tecliniques for carrying out microfab- 
rication of structures witli dimensions down to 10 fim in micro- 
channels that are 0.02—2 mm wide. These methods are largely 
based on the exploitation of laminar flow at low Reynolds number 
(/?e) to control the spatial delivery of reagents. These methods are 
illustrated by fabrication of fibers, microelectrode arrays, arrays of 
crystals, and patterns of proteins and cells. 

Introduction 

Channels that are 0.02-2 mm wide— channels which, in 
this Account, we call almost interchangeably "microchan- 
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nels" or "capillaries'— can be considered as reaction 
vessels with two unusual characteristics. First, their inte- 
rior volumes are small, but readily and rapidly accessible 
from the outside by pumping fluids or gases into them. 
Second, fluids moving in them at low to moderate 
velocities flow laminarly, that is, without turbulence. This 
laminar flow can be used to deliver reagents spatially 
inside capillaries with remarkable precision. These char- 
acteristics, combined with the ease with which micro- 
channels can be assembled and disassembled using soft 
hthography and other techniques, suggest them as a new 
system of reactors with which to carry out microfabrica- 
tion. * 

This Account summarizes projects in our two labora- 
tories that are aimed at developing techniques for micro- 
fabrication that use microchannels as reactors. We had 
two objectives. First, we wished to use the small volume 
of the microchannel to generate microstructures that 
would be removed once formed and used independentiy 
of the channel in which they were formed; that is, thes 
microchannel would serve as a reactor for the fabrication 
of a structure to be used elsewhere. Second, we wished 
to fabricate small, functional structures inside capillaries, 
with the intention of leaving the structures in place once 
fabricated. These structures would be integrated with 
other uses of the channel (for example, as microelecti'od^s 
in a microanalytical system in which separations are 
carried out in the capillary). The techniques that are 
reviewed in this Account provide routes to structures that 
are difficult to fabricate by other techniques. These 
methods are especially useful in handling proteins, cells, 
and other delicate biological structures. 

To accomplish either task, it is necessary to perform a 
set of elementary operations: (i) transfer reagents from 
reservoirs outside the channel to the inside; (ii) deliver 
these reagents to locations where reactions are to occur; 
(iii) allow or cause the desired reactions; and (iv) remove 
waste products from the regions where reaction takes 
place. We have used fluids to accomplish these operations. 
In principle, one could also work with gases, although 
their distinct physical properties— for example, high dif- 
fusion constants— make their application in fabrication 
inside microchannels more challenging thari that of 
liquids. 

We organize this Account into four sections. In the first, , 
we give a brief overview of the technologies that have been 
used to carry out microfabrication in microchannels. In 
the second, we review the characteristics of liquid flow in 
capillaries at low and high values of the Reynolds number, 
Re. The emphasis in this section is on the potential of 
laminar or near-laminar flow as a strategy to control the 
spatial delivery of reagents inside small channels. This 
strategy can be adapted either to a single liquid streamij 
or to two or more different streams of liquid in laminar 
flow. In the third, we describe examples of microfabrica- 
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Table 1. Techniques Used for Microfabrication inside 
Microchannels 



Stmtegyfor Microfubncotion 

Process or Technology 


Reference 


Multilayer Photolithography 


2 


Single-Stream Liquid Flow 




Chemical Vapor Deposition 


3 


Light Tweezers assisted Deposition 


4 


Polymer Deposition 


8 


Electroless Deposition 


9 


Electrochemical Fiber Growth 


10 


Etching of Optical Fibers 


11,12 


Micromolding in capillaries (MIMIC) 


13-17 


Deposition of Proteins 


18 


MuUiple-Stream Liquid Flow 




Electroless Deposition 


20 


Etching 


20 


Nuclealion and Crystallization (CaC03) 


20 


Deposition of Proteins 


24 


Deposition of Cells 


24 



tion that use a single stream of liquid. In the fourth, 
wesketch applications of microfabrication (and closely 
related methods used for micropatteming of bacterial and 
mammalian cells) based on multiple streams of liquid in 
laminar flow. 

I. Overview of Microfabrication In 
Microchannels 

Table 1 lists technologies (including our own) that have 
been used to carry out microfabrication in capillaries. 
Conventional photolithography is the basis of the methods 
most commonly used to fabricate microchannels contain- 
ing functional microstructures.^ In this type of fabrication, 
the capillary and its internal features are generated by a 
series of planar pattern-transfer steps. Until recently, there 
were few alternatives to photolithography (and the pro- 
cesses intimately associated with it: evaporation, CVD. 
RIE. lift-off, and others). Miyagi et al. have, for example, 
patterned the inner walls of hollow waveguides by chemi- 
cal vapor deposition of dielectric films consisting of CuzO.^ 
Renn and Pastel have shown that laser induced forces 
(light tweezers) can be used to manipulate and position 
atoms, clusters, and micrometer-sized particles (e.g., NaCl 
and KI crystals) inside hollow optical fibers."* 

II. Laminar and Turbulent Flow of Liquids: The 
Reynolds Number 

The Reynolds number, Re = vlp//i, characterizes the 
tendency of a fluid to develop turbulence, or to flow 
without turbulence (that is, laminarly).^ Here, p is the 
density in kilograms per cubic meter, fi is the viscosity in 
kilograms per meter per second, 1 is the diameter of the 
capillary in meters, and v is the flow rate in meters per 
second. The value of Re at which flow changes from 
turbulent to laminar depends on the geometry of the 
channel. For a straight pipe, this transition occurs at Re 
2100. Flow past an object or flow in a channel in which 
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FIGURE 1. Optical micrograph of two-phase laminar flow: two 
aqueous phases, each colored with a different dye (black ink and 
Congo red), brought together with a "Y" junction in an elastomeric 
microfluidic system. 

the geometry changes, however, develops eddies at lower 
Reynolds numbers {Re ^ 40-300). Liquid flows in capil- 
laries (that is. tubes having small values of 7; 7 50-100 
fim) often have low values of Re and are therefore laminar, 
even for liquid flow velocities as high as 0.5 m s"*. Most 
usefully, two or more streams that are brought together 
in a narrow channel flow laminarly, in parallel, without 
turbulent mixing (Figure 1). The only mechanism of 
mixing of their components is diffusion across the inter- 
face between the streams. 

Laminar flow permits control of the spatial delivery of 
reagents within a capillary. The appUcation of differerit 
chemistries from different streams of a multiphase, lami- 
nar flow system allows reactions to take place exclusively 
at certain regions of the capillary: either between a stream 
and the interior surface of the capillary, or at the interface 
between adjacent streams. Levin et al. pioneered the use 
of laminar flow in microfluidic devices to fractionate 
samples by taking advantage of the fast diffusion of small 
molecules or ions from one stream into an adjacent 
stream, relative to the slow diffusion of proteins, colloids, 
etc.^ Weigl and Yager implemented these principlieS 
elegantly in a micromachined device for the analysis of 
heterogeneous biological samples such as blood by taking 
advantage of the fast diffusion of analyte molecules from 
the sample stream into an adjacent stream that contained, 
for example, a fluorescent indicator,^ 

In small capillaries, turbulent flow of aqueous solutions 
(or eddy-like flow in the region of transition from laminar 
to turbulent) occurs only at high velocities of flow. 
Turbulence facilitates mass transport. In laminar flow, the 
only mechanism for mixing is diffusion. This difference 
in mechanisms and rates of mass transport can be used 
to increase the rate of delivery of reagents to specific 
regions inside a capillary where flow is turbulent, and thus 
to increase the rate of chemical reaction in the turbulent 
regions, relative to regions where flow is laminar. 

III. Microfabrication Using Single Streams of 
Liquid in Microchannels 

We distinguish different methods of fabrication inside 
microchannels using a single stream of liquid: one that 
results in a uniform modification of the inner surface of 
the capillary, and several others that allow for fabrication 
with spatial resolution. 

Uniform In-Channel Coatings. A uniform coatings 
either covalently attached or physically adsorbed— on the 
inner surface of capillaries can easily be achieved from a 
single liquid stream— laminar or turbulent— that contains 
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FIGURE 2. (A) Schematic diagram of the electrochemical flow cell 
used to grow single-phase conducting polymer fibers. (B) Optical 
micrograph of a zigzag poly(3-methylthiophene) fiber grown in a 
zigzag glass capillary. (C) SEM image of a fracture cross section of 
a poly(3-methylthiophene) fiber. (D) Schematic diagram of the 
electrochemical flow cell used to grow composite Kevlar/conducting 
polymer fibers. (E) Optical micrograph and (F) SEM image of Kevlar/ 
polypynrole composite fibers. 

the necessary chemicals. This strategy is frequently used 
to produce coatings: examples include organic films that 
reduce sticking of proteins in capillary electrophoresis 
capillaries* and metal films (by electroless deposition of 
silver) with polymer coatings inside hollow waveguides 
to reduce optical losses.^ 

Conducting Polymer Fibers. An example of fabrication 
from a single homogeneous stream that creates a free- 
standing microstructure is the electrochemical processing 
of conducting polymer fibers.*® Figure 2 A shows an 
electrochemical cell used to synthesize macroscopically 
long fibers of polypyrrole and poly(3-methylthiophene). 
Hydrodynamic flow patterns inside a 2-nini-diameter glass 
tube (separating the anode and cathode) are employed 
to control both the spatial direction and the rate of 
polymerization. A solution containing the monomer flows 
through the cell at an average velocity between 10 and 60 
cm s'* (corresponding to 700 < Re < 4200). Nucleation 
and growth of a single conductive fiber from the anode 
in the direction of flow occur when an electrical current 
(~1 mA) is passed between the electrodes. Controlling the 



applied current or the flow velocity in the glass tube 
controls the rate of polymer growth as well as the shape 
of the resulting fiber: The application of larger currents 
typically resulted in faster growth of uniform fibers with 
larger diameters, whereas high flow rates (^^50 cm s~*) 
resulted in nonuniform, cone-shaped fibers. Polypyrrole 
and poly(3-methylthiophene) fibers of 10 cm length and 
between 0.01 and 0.1 cm diameter have been grown using 
this one-step process (Figure 2B.C) with a wide variety of 
shapes (e.g.. tapered fibers, zigzag-shaped fibers) by 
changing the shape of the glass tubing. 

The key element of this procedure that gives directional 
polymer growth is the coupling of the flow patterns with 
mass transport of the monomer to the surface. Hydrody- 
namic flow past the tip of the growing fiber produces a 
relatively stagnant boundary layer or a recirculating flow 
in which intermediates produced by chemical reaction can 
be trapped. The result is an increased rate of deposition 
of polymerization intermediates (oligomers) at surfaces 
adjacent to the boundary layer or the fluid eddy, here the 
tip of the fiber. Consequendy, the polymer fiber grows 
only along the direction of the flow within the glass tube, 
never touching the sides of the tube. 

Kevlar/PoiypyiTole Composite Fibers. Kevlar/polypyr- 
role composite fibers that exhibit excellent electrical 
conductivity and that are flexible and strong— in contrast 
with the brittle polypyrrole and poly(3-methylthiophene) 
fibers (see above) that break when flexed— have been 
synthesized in electrochemical flow cells using a different 
approach (Figure 2D).*** A woven Kevlar thread, containing 
70 filaments each of 17 fim diameter, was suspended 
between the anode and cathode of the cell. When pyrrole 
was oxidized at the anode in the presence of flow (20 cm 
s 0, the resulting polymer grew onto the Kevlar thread 
and coated the entire 10-cm length in ~20 min. The 
conductive polymer phase deposits uniformly between the 
filaments of the Kevlar thread and produces an electrically 
conductive and flexible composite fiber (Figure 2E,F) that 
may be of interest for antistatic weaves and as flexible 
electrodes for in vivo measurements. 

Near-Field Optical Probes. In a different strategy. 
Lambelet et al. and Stockle et al. have used the film of 
polymer (the cladding layer) on the outside of optical 
fibers as capillaries with 3-200-/^m inside diameters, and 
then used convectively driven laminar flows inside these 
capillaries to fabricate high-quality, near-field optical 
probes with regular conical tips.^^-^^ Hanging the ends of 
optical fibers with polymer cladding attached in an 
aqueous phase containing HF resulted in anisotropic 
etching of the glass cores, even without the application 
of bulk flow. The authors explain the formation of conical 
tips inside the cladding capillary by the combination of 
local flows induced by chemically driven convection and 
increases in the density of the solution on dissolution of 
the glass (Figure 3). 

Selective Patterning on Substrates. We have demon- 
strated selective electroless deposition of metallic copper 
on orie wall of a rectangular microchannel using a 
variation of the MIMIC ("micromolding in capillaries") 

VOL. 33, NO. 12, 2000 / ACCOUNTS OF CHEMICAL RESEARCH 843 



Fabrication inside Microchannels Using Fluid Flow Kenis et at. 




FIGURE 3, Fabrication of near-field optical probes by tube etching 
as proposed by StOckle et al. Schematic of the convection mech- 
anism: (A) initial diffusion-controlled etching— more etchant available 
to the outer regions of the fiber— and (B) convection-controlled tip 
formation inside the tube driven by concentration gradients and the 
gravitational removal of reaction products. (C) Optical micrograph 
of an uncoated tip. (D) Scanning electron micrographs of an Al- 
coated lube-etched fiber tip. Top: the glass surface close to the tip 
apex. Bottom: the tip apex. Reproduced with permission from ref 
12. 

technique.*^ The channel consisted of a poly (dime thy Isi- 
loxane) (PDMS) membrane with a channel structure 
embossed in its surface placed on a gold -covered sub- 
strate. The channel was filled with an electroless deposi- 
tion solution containing copper ions and formaldehyde 
as the reducing agent. The activity of the gold surface in 
catalyzing the electroless deposition process resulted in 
selective deposition of copper on the wall of the channel 
formed by the gold surface and not on the walls of the 
channel formed by the PDMS mold. 

Similarly, Biebuyck et al. patterned regions of a sub- 
strate with immunoglobulins from a single liquid flow in 
a microfluidic network embossed in PDMS that was 
placed on the substrate.^^ This PDMS mold was passivated 
with poly(ethylene glycol) or bovine serum albumin prior 
to placement on the substrate to avoid deposition of 
immunoglobulins on its surface. 

Arrays of Beads. A related technique also gives access 
to crystalline arrays of 0.1-3-//m beads inside 10-100- 
//m channels. The liquid flow (driven by evaporation from 
one end of the capillary, or by capillary filling of the tube) 
delivered the beads from suspension to a region in which 
they are, in essence, filtered from the flowing stream; this 
flow led to crystalline arrays. Harrison et al. and Manz et 
al. have used such arrays as packed reactor beds in 
microanalytical devices. Xia et al. have exploited related 
flow behavior between narrowly spaced plates to fabricate 
crystalline arrays of beads; these crystals may be useful 
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as macroporous membranes,^^ tunable optical filters," and 
3D photonic band gap materials.*^ 

These studies established the concept of using the 
capillary as a small reactor, and identified some of the 
types of chemistry that can be carried out using this type 
of reactor. The range of structures that one can fabricate 
inside microchannels using only a single stream of liquid 
is, however, limited. 

IV. Microfabrication Using Multiple Streams of 
Liquid in Laminar Flow 

Soft lithography allows the fabrication of branching capil^ 
lary networks rapidly, so long as the capillaries are >20 
fim in lateral dimension.^® The procedure we use— which 
we call "rapid prototyping"— consists of four steps: (i) 
high-resolution printing of a mask with >20-/im features; 
(ii) photolithography with this mask to fabricate a bas- 
relief master; (iii) micromolding against this master to 
form three sides of the channel system; and (iv) sealing 
to form the complete microchannel. It is straightforward 
to create multiple streams of fluids flowing laminarly in 
parallel inside these channels^® and to use these streams 
for microfabrication and micropatterning by localized 
delivery of reagents from the laminar flows. This method^ 
sometimes in combination with the use of prepatterned 
channels— allows fabrication of complex functional struc- 
tures inside preformed capillaries without the registration 
steps required by planar photolithography. 

Microfabrication by delivery of reactants from parallel 
laminar flows generates structures (etched or deposited) 
having edges tapered along their longitudinal direction 
as a result of diffusion transverse to the direction of 
flQ^ 20,26 Ti^ig diffusional broadening can be minimized 
by using high flow rates 0.50 m s ^: high rates of 
flow result in short residence times in the region being 
patterned. The resolution one can achieve depends on the 
details of the process being used for patterning. 

Area-Selective Crystal Growth. A two-stream laminar 
flow can be used for the localized nucleation and growth 
of crystals inside a microchannel.^^ The capillary is 
fabricated by placing a patterned PDMS membrane on a 
gold-coated wafer covered with a self-assembled mono- 
layer (SAM) of HS(CH2)i5COOH; this SAM nucleates 
formation of calcite crystals.^* Figure 4A shows a line of 
calcite crystals— with diameters of 2-5 //m— that have 
nucleated and grown at the interface between two parallel 
streams, one containing calcium ions (as CaCh) and the 
other containing carbonate ions (as NaHCOs). 

Patterned Etching of Silver and PDMS. Figure 4B 
shows the result of patterning the inside of a glass capillary 
by electroless deposition of silver from one stream of a 
two-stream fluid flow system. The glass capillary is con- 
nected to a Y-shaped channel in PDMS in order to create 
the two-stream flow system; the method can be extended 
to four or more streams.^^ Figure 4C shows the creation 
of topographical features inside of a PDMS capillary using 
patterned flow of etchant and inert solvent.^^ In general, 
the position (or edges) of the etched or deposited micro- 
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Ag solution 




10 pm 

FIGURE 4. (A) Scanning electron microscopy images of calcite 
deposited on a self-assembled monolayer at the interface of aqueous 
laminar flows of NaHCOa (100 mM, buffered to pH 7.4) and CaCb (25 
mM). (B) Optical micrograph of a glass capillary that has half of the 
inner surface plated with silver. (C) Optical micrograph of topo- 
graphical features created inside of a PDMS capillary using 
patterned flow of NMP (/V methylpyrolidinone, an inert liquid) and 
TBAF (tetrabutylammonium fluoride in NMP; an etchanl). Inset 
Schematic cross section of the topographically patterned channel. 

structure can be controlled with a precision down to '^5 
by adjustment of the relative volumes of the streams 
being injected. 

Three-Electrode System. Figure 5 outlines a two-step 
fabrication of a three-electrode array inside a preformed 
channel. This procedure starts by placing a PDMS mem- 
brane with the "crow's foot" channel system embossed 
in its surface on a glass slide having a 200-//m-wide 
evaporated gold stripe.^** A three-phase laminar flow 
through the channel— a central gold-etchant solution, and 
adjacent water streams— selectively removes the gold in 
a strip in the middle of the channel. This etching creates 
two isolated Au electrodes that serve as working and 
counter electrodes. In a subsequent step, flowing the two 
components of a commercial electroless silver plating 
solution laminarly in parallel through the channel results 
in the deposition of a metallic silver wire on the glass at 
the interface between the two phases. Figure 5 also shows 
a typical example of tapering or broadening of a mlcrostruc- 
ture^here the silver wire— along the longitudinal direction 
of the channel as a result of diffusion transverse to the 
direction of flow. After treatment with 1% HCl to form 
AgCl on the surface, the silver wire serves as the reference 
electrode. We have shown that continuous, conductive 
silver wires as thin as 10 fim can be fabricated by using 
high flow rates (up to 1 m s^^). For the fabrication of the 
silver wire in the three-electrode system, we typically used 
lower flow rates. The lower rates gave wider and less 
uniform wires, but these wires were also desirable (in this 
instance) for durability in use. We successfully recorded 





200 ]i 



FIGURE 5, Optical micrographs of the stepwise fabrication of a 
three-electrode system using multiphase laminar flow. A PDMS mold 
with a channel system embossed in its surface is placed on a glass 
slide covered wi^i an evaporated gold strip. Two electrodes (counter 
and working) are fonned by selectively etching the gold stripe in 
the middle of the channel with a three-phase laminar flow system. 
The gold stripe widens beyond the outer edge of the PDMS 
membrane into contact pads. A silver (reference) electrode is 
fabricated at the interface of a two-phase laminar flow and is 
directed into a side channel toward a contact pad. 

cyclic voltammograms of, for example, a 5-nL volume of 
2 mM Ru(NH3)6Cl3 in water.^o 

Patterning Proteins and Cells on Capillary Surfaces. 

Multistream laminar flow systems are useful in fabricating 
biologically relevant structures and patterns in sizes 
similar to those of cells (typically 5-100 //m). Figure 6 
shows three examples of patterning within a capillary: (A) 
proteins adsorbed on the substrate; (B) the location of 
cells; and (C) the delivery of biochemicals to cells. These 
methods will be useful in fabricating microfluidic systems 
for cell -based sensors and screening systems based on 
cells and for studying chemo taxis, cell- cell communica- 
tion, and cellular ecology. 

Conclusions 

Microfabrication with liquids flowing in capillaries has 
characteristics that are fundamentally different from those 
of microfabrication with photolithography. The former 
relies on microfluidic channels to deliver reagents in 
patterns of flowing liquids to specific regions of a surface; 
the latter relies on masks to pattern light. Fabrication of 
the microchannels is a relatively straightforward task, 
using a rapid prototyping strategy based on soft lithog- 
raphy;^^ photolithography usually requires more special- 
ized tools. Microfluidic systems are limited in the patterns 
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FIGURE 6, Examples of biologically relevant patterns generated 
using multiphase laminar flow. (A) Top view of a capillary network 
used for biological patterning. Optical micrographs B~D (fluores- 
cence) represent close-up views of the junctions where the inlets 
converge into a single main channel. (B) Creating patterns of proteins 
inside a capillary. Solutions of bovine semm albumin (BSA) and BSA 
colabeled with mannose and fluorescein (man-FITC-BSA) were 
allowed to flow through the designated channels, (C) Patterned 
deposition of cells inside a capillary. Chick erythrocytes and 
Escherichia coliwere deposited selectively in their designated lanes 
by patterned flow of cell suspensions. Adherent cells were visualized 
with a fluorescent nucleic acid slain (Syto 9). (D) Using patterned 
flow of media to stain part of the bovine capillary endothelial cells 
that were attached to the entire bottom face of a capillary. Only 
those cells over which a solution of dye (Syto 9) was allowed to 
flow were labeled. Syto 9 and media were allowed to flow from the 
designated inlets. 

they can form; photolithography is a very general method 
of fornriing patterns. 

The occurrence of laminar flow on the microscopic 
scale allows liquid streams to be maintained as entities 
that are separate and capable of delivering different 
reagents. The width of the separate streams (or the 
interfacial width as governed by the rates of diffusion) 
internal to the channel determines the feature sizes, and 
the relative volumes of the streams control the position 
of the liquid-liquid interfaces. External positioning tools 
or masks determine feature sizes and positions in pho- 
tolithography. The usual problem in microfabrication 
based on photolithography of determining position in 
superimposing patterns in multilayer fabrication (registra- 
tion) translates into a problem of controlling relative rates 
of flow in microfluidic fabrication. 

Microfluidic and photolithographic patterning are suf- 
ficiendy different in the physical principles on which they 



rest that they are complementary in their applications. 
Fluidic microfabrication inside capillaries is presendy best 
suited for one-at-a-time, research, or prototyping dem- 
onstrations. Its strengths are convergence, specific ap- 
plicability to problems involving channels (e.g., microan- 
alytical devices), and compatibility with biological reagents 
and systems. Photolithography is highly developed for in 
plane microfabrication and can be used to make many 
devices in parallel. Its strengths are generality in pattern- 
ing, the ability to make small features, the ability to 
manufacture small systems in large numbers, and per- 
formance highly optimized for use with semiconductors 
and ceramics. 

Fluid flow in microchannels allows the fabrication of 
a variety of useful structures ranging from conducting 
organic fibers to electrode systems integrated into mi- 
croanalytical devices. Fluid flow also has the ability to 
deposit or carve away material on the interior surface of 
the capillary, and thus to change the surface properties 
or topography of a channel. Such patterns can have a 
profound effect on the flow profiles. For example, electro- 
osmotic flow in capillaries that are patterned with regions 
of opposite surface charge leads to unusual low-/?eflows.2^ 
Studies of the details of the fluid flow in microfluidic 
systems— by visualization or modeling— should make it 
possible to fabricate a broader range of structures using 
fluid flow.26 

Fluid flows have clear potential to pattern delicate 
biological structures. They are also applicable to pattern- 
ing the topography of the surfaces, the proteins absorbed 
on these surfaces, cells attached to those surfaces, and 
the medium to which the cells are exposed. We expect 
these methods to facilitate the study of. for example, cell- 
surface adhesion, chemotaxis, and cell-cell communica- 
tion, and to contribute to cell- based microfluidic sensors. 
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